We have studied the replication of plasmids composed of bovine papillomavirus type 1 (BPV1) origin of replication and expression cartridges for viral proteins E1 and E2 in hamster and mouse cells. We found that the replication mode changed dramatically at different expression levels of the E1 protein. At high levels of the E1 protein, overreplication of the origin region of the plasmid was observed. Analysis of the replication products by one-dimensional and two-dimensional gel electrophoresis suggested that initially "onion skin"-type replication intermediates were generated, presumably resulting from initiation of the new replication forks before the leading fork completed the synthesis of the DNA on the episomal plasmid. These replication intermediates served as templates for generation of a heterogeneous set of origin region-containing linear fragments by displacement synthesis at the partially replicated plasmid. Additionally, the linear fragments may have been generated by DNA break-up of the onion skin-type intermediates. Analysis of replication products indicated that generated linear fragments recombined and formed concatemers or circular molecules, which presumably were able to replicate in an E1-and E2-dependent fashion. At moderate and low levels of E1, generated by transcription of the E1 open reading frame using weaker promoters, DNA replication was initiated at much lower levels, which allowed elongation of the replication fork starting from the origin to be more balanced and resulted in the generation of full-sized replication products.
Viruses express replication proteins and virus-encoded polymerases in a precisely regulated fashion. Some of the best examples of viruses capable of such complex regulation are human immunodeficiency virus type 1 (23) and other retroviruses, repetitive element LINE1 from human and rat (21, 37) , human hepatitis A virus (18) , human hepatitis B virus (14) , human hepatitis C virus (63) , duck hepatitis B virus (8) , cauliflower mosaic virus (56) , and many others. Tissue type-specific transcription as well as unusual initiation or elongation of translation of the replication proteins or DNA polymerases is often used by the DNA viruses to achieve precise regulation of their DNA replication. For example, the tissue tropism of papillomaviruses is due in part to epithelial cell-specific expression of E1 and E2 proteins, which allows replication of the virus genome in the cells of this tissue. Human papillomavirus type 18 (HPV18) expresses replication protein E1 from polycistronic mRNA containing E6, E7, and E1 open reading frames (ORFs), where the E1 coding region would be the last to be translated (49) .
One of the obvious reasons for a low and strictly regulated level of expression of papillomavirus replication proteins could be the need to hide virus-infected cells from the cellular immune response. This conclusion is supported by the fact that in addition to the down-regulation of viral gene expression, viruses express proteins which actively interfere with processing or presentation of the antigens by the major histocompatibility complex class I pathway. It has been also clearly demonstrated in the case of cottontail rabbit papillomavirus, used as a model system for papillomavirus pathogenesis, that cellular immune responses against early viral proteins, particularly E1, E2 and E6, E7 proteins, are responsible for the regression of the cottontail rabbit papillomavirus-induced papillomas (19, 58) and that infiltration of the papillomas with CD8
ϩ cells leads to their regression (59) .
Another reason for the low, well-regulated level of expression of replication proteins could be the ability of these proteins to interact with the cellular regulatory proteins, as it has been shown for many papovavirus proteins (1, 27, 29, 35, 36, 38, 41, 46, 48, 69) . Such interactions at high concentrations of respective replication proteins might have a deleterious effect on the cell cycle regulation, which may lead to the premature death of the host cell.
A third possible reason for the low level of expression of the replication proteins in the latently infected cells could be their ability to actively interfere with viral gene expression or with viral DNA replication and lead to abortive replication (4, 11, 24, 31, 53) .
The replication cycle of the papillomaviruses is strictly dependent on differentiation of the epithelial tissue (2, 13, 39, 42) . Two viral factors encoded by the E1 and E2 ORFs together with the host replication apparatus are necessary and sufficient for the initiation of viral DNA replication during the first amplificational phase and the latent replication phase of the replication cycle. Our studies have indicated that the papillomaviruses use cellular p53 protein for the control of overreplication of the viral genome (32; I. Ilves, M. Kadaja, and M. Ustav, unpublished data). Plasmids carrying the minimal replication origin of bovine papillomavirus type 1 (BPV1) (65) combined with the minichromosome maintenance element (MME), which is composed of the E2 protein multimeric bind-ing sites (47) , could be maintained at a stable copy number for prolonged periods in the proliferating cells expressing BPV1 replication proteins E1 and E2. Replication and nuclear retention or segregation-partitioning of the viral genome are required for stable replication of the viral genome in the proliferating cells (22, 30, 60) .
We constructed a set of episomally replicating plasmid vectors carrying the BPV1 origin and E1 and E2 expression cartridges. We used different expression cassettes in which the expression of E1 and E2 ORFs was controlled by promoters of different strengths. We found that the viral protein E1 appears to play a major role in modulating the intensity of initiation of replication and formation of replication intermediates. At very high levels of E1 initiator, due to "onion skin"-type replication, a large fraction of the replicated plasmid DNA is present in other than unit-length forms. Our data suggest that such overreplication of the origin region and generation of the aberrant replicational intermediates may have a role in the pathogenic features of high-risk papillomaviruses or in the late phase of the viral life cycle.
Constructs. As the basic backbone, we started with the plasmid pBabeNeo (40) , into which we inserted BPV1 components at different positions, in different orientations, and of different compositions; the expression cartridges for proteins E1 and E2; and the origin-containing upstream regulatory region (URR) of the BPV1, which was incorporated into an approximately 1-kb fragment (nucleotides [nt] 6959 to 40) (47) . The schematic maps of the plasmids are presented in Fig. 1 . We designed plasmids so that the location of the origin differed from that in the constructs-in the HindIII site, between promoters driving E1 and E2 expression ( Fig. 1A and C) or in an opposite position in the XhoI site downstream of the coding sequences for viral proteins (Fig. 1B, D, and F) . The constructs also carried the bacterial origin for propagation in Escherichia coli and the dominant genetic selection marker kanamycin or G418 for bacterial or eukaryotic cells, respectively. For control of the expression of the E1 and E2 proteins, promoters of different strengths-SR␣ (composed of the simian virus 40 [SV40] early promoter and the R-U5 segment of the human T-cell leukemia virus type 1 long terminal repeat), Rous sarcoma virus 5Ј long terminal repeat (RSV LTR), Moloney murine leukemia virus (MoMuLV) LTR, and herpes simplex virus thymidine kinase (TK) promoter-were used. All sequences of plasmids are available upon request.
Expression levels of viral replication proteins. Papillomaviruses seem to use complicated mechanisms for regulation of expression of their replication proteins at transcriptional and posttranscriptional levels. Only low levels of E1 expression have been reported from the steady-state autonomously replicating BPV1 genomes (62) . The viral "runaway" DNA amplification and late promoter induction are epithelial cell differentiation-dependent viral functions (3, 15, 16, 24, 50) and are coupled to expression of E1/E4, the major viral late gene product (12) . In raft cultures the E2 mRNA levels of HPV31b remain relatively constant, whereas E1 RNA level is up-regulated during the maximal amplification of viral genomes, indicating that E1 may be the major regulator of viral genome amplification (43, 44) . Possible regulatory effects of the viral protein E2 can add complexity to the expression pattern of viral genes. The interaction between E1 and E2 is essential in order for E2 to stimulate E1-dependent replication (57) . In our transient system, we used Western blotting to analyze the expression levels of the E1 and E2 proteins in different constructs with different promoter strengths in the Chinese hamster ovary cell line CHO (European Collection of Cell Cultures, reference no. 85050302) (Fig. 2B, 2C , and 4C) and in the mouse polyomavirus-transformed C127 cell line COP5. We used either E1-specific monoclonal antibodies (kindly provided by A. Stenlund) or E2-specific monoclonal antibodies (26) for detection of expression of replication proteins, respectively. The signals of E1 and E2 proteins were visualized using peroxidase-conjugated secondary antibody and an enhanced chemiluminescence detection system (Amersham Pharmacia Biotech). High levels of E1 accumulation were achieved in all cases in which the transcription of E1 was under the control of the SR␣ promoter, irrespective of the location of origin (Fig.  2B, lanes 2 to 7) . Considerably lower levels of E1 were detected when the constructs included the RSV promoter (Fig.  2B, lanes 8 to 10) , and reduced levels of E1 were detected when constructs included the TK promoter ( (Fig. 2C ). When E2 expression was directed by the TK promoter (Fig. 1E ), the protein level was barely detectable (see Fig. 4C , lanes 1 and 5). Replication properties of the constructed plasmids. To determine how the different levels of viral proteins affect the replication of plasmid DNA, we analyzed the replication products in a short-term replication assay of hamster (CHO) and mouse (COP5) cell lines. Different amounts of plasmid DNA were transfected into the cells by electroporation (64) and transfection efficiencies were evaluated in parallel by in situ staining of cells transfected with ␤-galactosidase-expressing constructs. The analysis of replication products was carried out by Southern blotting 48, 72 or 96 h after transfection. Episomal DNA was harvested by the Hirt procedure (20) , and lowmolecular-weight DNA was purified and digested with DpnI, to remove dam-methylated input DNA, and with the linearizing enzyme. In the plasmids with the SR␣ promoter in front of E1, we detected very strong replication signals for both constructs-SRE1HO and SRE1XO ( Fig. 2A, lanes 2 to 7) . However, there were no unit-sized replication products; products extended from relatively small fragments to products longer than full length. The intensity of the replication signal was considerably lower in plasmids with RSV-directed E1 expression: the smear was much less intensive, and the unit-sized linear fragments were clearly detectable ( Fig. 2A , lanes 8 to 10). In the cases in which the TK promoter was driving E1, the replication activity of the vector was much lower (Fig. 2D , lanes 1 to 3; also see Fig. 4A and B), however, the apparent replication signal showed the unit-sized de novo-synthesized DNA. Similar results were obtained with the mouse COP5 cells (data not shown). In some cases, as seen in Fig. 2A , the recombination events have given rise to smaller, distinctively sized products, which replicated nearly as efficiently as full-size plasmids.
The intensity of replication signal correlated with the E1 protein expression level. As seen in Fig. 2B , the increasing amounts of transfected plasmid DNA induced very high levels of the E1 protein in the cases of SRE1HO and SRE1XO, compared to RSVE1HO, while expression of E2 varied much less between the different constructs ( Fig. 2C ).
In the CHO cells transfected with plasmid in which the E1 expression was driven by the SR␣ promoter (SRE1HO), the increasing smear was detected 48, 72, and 96 h after transfection (Fig. 3B) . In order to understand the nature of the heterogeneous replication products generated in the cells, we used different combinations of endonucleases to excise the specific fragments from the replicated plasmid to identify which regions of the plasmid were over-or underrepresented in the replicated plasmid. Digestion of the episomal replication products with a linearizing enzyme (EcoRI) generated a family of fragments which became more abundant at later time points (Fig. 3B, lanes 2 to 4) . Cleavage with HindIII generated a strong, unit-sized BPV1 origin-containing fragment, which was clearly detectable from the background smear (the arrow points to the HindIII-HindIII origin fragment in Fig. 3B , lanes 6 to 8; also Fig. 3A, lanes 2 and 3) . Comparing the approximately 10-kb backbone band to this short ϳ1-kb origin band (compare also the ratio for marker bands in Fig. 3B , lane 5), showed that the replication of plasmid has initiated from the BPV1 origin and that a considerable part of the signal was within the excised origin fragment. Using the plasmid in which the origin fragment was transferred to the opposite position in the plasmid, we observed similar amplification of the BPV1 origin area (Fig. 3A , lanes 5 and 6). These data indicate that in the case of both plasmids, assuring a high level of E1 expression resulted in amplificational replication of the BPV1 origin region. Expression of the E1 protein at lower levels induced less-intense amplification (Fig. 3A , lanes 8, 9, 11, 12, 14, 15, 17, and 18). Papillomavirus DNA replication in the presence of E1 and E2 has been shown to be bidirectional, starting from the BPV1 origin sequences (65) , both in vivo and in vitro. The data provided here once again confirm that fact. We characterized the replication fork movement through the whole plasmid sequence by measuring the average content of replicated material corresponding to different combinations of synthesized fragments using restriction enzymes, moving from the origin in both directions. At high concentrations of the E1 protein, the digestion and analysis of the replicated DNA allowed us to demonstrate that the sequences around the replication origin were considerably amplified (Fig. 3A [lanes 2, 3, 5 , and 6] to D). In all cases the strongest signal was picked up in the region of the BPV1 origin fragment (arrows in Fig. 3B to D) . Measuring the intensity of replication signals in the appropriate bands and normalizing them to the size of the plasmid fragments allowed us to visualize the abundance of replicated DNA distribution along the plasmids (Fig. 3E) . The presented data indicate that DNA de novo synthesis was initiated at the origin of BPV1, irrespective of its location in the plasmid. However, replication is not processive and tends to stall (Fig.   3E) . A theta mode of replication in a bidirectional manner requires initiation at every round of replication, and the data presented above clearly show that initiation had been very intensive and depends exclusively on the presence of E1 and E2 proteins. The presented results do not indicate that unspecific initiation of replication outside of the origin region from the transfected plasmids could be detected at high E1 concentrations. Elimination of the E2 protein expression by frameshift abolished any replication initiation from the plasmid, although E1 was expressed at the same levels in the cells (data not shown). At high levels of E1 protein, the origin region may be amplified up to 200 times compared to the sequences located opposite to the origin in the plasmid (Fig. 3E) , and the same enhancement (up to 200 copies) could be observed in both origin locations in the plasmid configuration (Fig. 3A,  lanes 2, 3, 5, and 6 ). Our data suggest that new rounds of initiation of DNA replication had started before the previous replication fork had finished synthesis of the leading and lagging strands.
Analysis of replication products by one-dimensional electrophoresis. The data presented above suggest that overreplicated origin-containing fragments were generated as a result of multiple initiations that took place at the same BPV1 replication origin before previous initiations had completed the synthesis. This led to disproportional amplification of certain origin-containing plasmid regions. Many general mechanisms have been described for gene amplification in eukaryotic cells (reviewed in reference 54), and one of them is a disproportional replication, in which a portion of the genome is replicated more than once during a single cell cycle. Consequently, multiple initiations of replication are likely in order to generate free strands of DNA within the replication bubble, a version of which is the onion skin replication model of Botchan et al. (6) , described for integrated SV40 genomes. Similar quantitative changes in genome copy number can also be obtained near the origin region in our system at a high level of E1 expression.
Reinitiation of DNA replication was not observed in soluble cell-free systems in an in vitro BPV1 replication assay when the level of DNA synthesis was low (68) . At high E1 concentrations the reinitiation could be achieved using COS cell extract, therefore indicating that E1 functions as an initiator of lytic replication (5). Liu et al. (33) have shown that the elongation stage of HPV11 in vitro DNA replication requires E1 and that E2 appears not to be essential for elongation. HPV31 E1 is shown to stimulate replication; in contrast, increased expression of E2 decreased replication (61) . Our data show clearly that amplification of origin region is reduced by lowering the expression level of E1. At considerably lower levels of protein with high-level E1 expression (construct SRE1HO) in the CHO cell line, using 1.0 g of transfected DNA. The cells were harvested 48, 72, and 96 h after transfection, and low-molecular-weight DNA was analyzed on 0.8% agarose gel by Southern blotting. DNA was digested with DpnI and additionally with the linearizing enzyme EcoRI (panel B, lanes 2 to 4); with enzyme HindIII (panel B, lanes 6 to 8), which cleaves out the origin-containing fragment (arrow); or with the enzyme combinations HindIII/XbaI (C) and HindIII/BglII (D). ori-sequence containing bands are shown by arrows. Marker DNAs (400 pg), digested with respective enzymes, are also shown. The blots were exposed for 24 h. (E) Schematic representation of amplification of SRE1HO vector. 32 P-labeled dCTP incorporation was normalized to that based on the length of restriction fragments. The number of copies of origin sequence-containing fragments synthesized was calculated by comparing the incorporation of labeled nucleotides in the origin sequence-containing fragment to the incorporation of label into other fragments generated by the enzyme cleavage. A schematic representation of the linearized SRE1HO construct is shown below the graph, where viral origin, coding sequences, promoters, and used restriction enzyme cleavage sites are presented. Ori fr., origin sequence-containing fragment.
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on January 14, 2018 by guest http://jvi.asm.org/ from weaker RSV promoters, the initiation of replication was much less efficient, and the elongation of the replication fork resulted in longer replication products, indicating more-balanced initiation and elongation of the replication forks (Fig.  3A, lanes 8, 9, 11, and 12 ). In the case of plasmids with the E1 expressed from the TK promoter, replication activity of the vector was relatively low, and a single-unit de novo-synthesized plasmid DNA was generated ( Fig. 2D; Fig. 3A , lanes 14, 15, 17, and 18; Fig. 4A and B, lanes 4, 8, and 12) . However, when a construct such as TKE1TKE2 was cotransfected with increas- on January 14, 2018 by guest http://jvi.asm.org/ ing amounts of the E1 expression vector pCGEag (65) , the amplification of the origin region was induced from the BPV1 origin in this plasmid ( Fig. 4A and B, lanes 5 to 7) . The same amount of addition of expression vector pCGE2 had no effect, or even weak repression was seen ( Fig. 4A and B, lanes 9 to 11). When cotransfected with both expression vectors, the origin plasmid had an identical effect with only E1 added ( Fig.  4A and B, lanes 13 to 15) . Increasing E1 expression in this experiment amplified the origin region by up to 15, 30, and 80 copies, respectively (Fig. 4B, lanes 5, 6, and 7) . Analysis of replication products by 2D electrophoresis. Appearance of the amplified origin region within replicated DNA by the onion skin-type replication is possible; however, other mechanisms have been suggested to generate amplification products similar to those of certain regions in the genome. Several mechanisms were proposed to explain the various phenomena of gene amplification, and considering the diversity in size and molecular configuration of the amplified sequences, many mechanisms probably could exist in parallel (for reviews, see references 55 and 67). DNA breaks and the following ligation and/or recombination could explain the formation of extrachromosomal circles associated with genomic instability (66) . For example, it was demonstrated by two-dimensional (2D) gel electrophoresis that in N-methyl-NЈ-nitro-N-nitrosoguanidine-treated SV40-transformed CHO cells the viral origin sequences are amplified as circular molecules of various sizes, containing inverted repeats which were suggested to be early amplification products (9) . The neutral-neutral 2D electrophoretic analysis, developed by Brewer and Fangman (7) has been shown to be useful for identification of heterogeneous populations of DNA molecules (9), because it separates molecules according to size and topology.
We analyzed the amplified replication products in our system using a similar neutral-neutral 2D gel system. One microgram of the plasmid (SRE1HO) was electroporated into CHO cells. Sixty-five hours posttransfection DNA was prepared by Hirt lysis (20) followed by digestion with KspAI. This enzyme cleaves within the minimal origin region where replication is initiated and within the SR␣ promoter. The first dimension was run in a 0.5% agarose gel in 1ϫ Tris-borate-EDTA at 0.7 V/cm for 39 h. The second dimension was run in a 1.1% agarose gel in 1ϫ Tris-borate-EDTA at 5.5 V/cm for 9 h with buffer recirculation. Ethidium bromide at a concentration of 0.3 mg/ml was added into the gel and buffer of the second dimension. The separated DNA fragments were transferred onto the membrane and probed with a 32 P-labeled BPV1 ORI probe (fragment of the genome from nt 6959 to 40) (Fig. 5A) . All 2D gel experiments described below were done by a similar protocol and using the same probe as specified in the figure legends.
First, on the blot (Fig. 5A ) the arc of linear fragments, ranging in size from a couple hundred nucleotides up to 20 kb, can be identified. We speculate that large linear fragments are generated as a result of ligation and rearrangement of linear replication products. Second, the simple arc of the replication fork Y, initiating from the 1N size of the cleaved fragment extending to 2N size, can be identified on the blot, indicating that the BPV1 origin is used actively for initiation of DNA synthesis. Third, some termination structures within this fragment can be also detected, indicating that rereplication could occur in an E1-and E2-dependent fashion, where several origin fragments have been ligated in the same molecule but only a few of them actively fire for synthesis. Fourth, the larger structures, presumably representing various branched onion skin-type replication intermediates, can easily be detected. The cleavage of replication products with HindIII analyzed on 2D gel (Fig. 5B) confirmed that initiation of replication takes place at the usual site around the HpaI site, because the simple arc of the replication forks as well as the asymmetric bubble within the linear fragment could be identified in addition to the arc of linear fragments and branched Y structures. We were surprised by the abundance and size of the linear fragments appearing on the blots. The size of the BPV1 URR-containing fragments was considerably larger than the unit size of the fragment, generated by enzyme cleavage in both cases. We varied considerably the cleavage conditions and took specific care in preparation of the episomal DNA, but the abundance and the size of the linear fragments did not change. The appearance of the very heterogeneous large URR-containing fragments suggested that at least part of these fragments are generated as a result of displacement synthesis from the onion skin-type replication intermediates, followed by ligation and recombination, resulting in the larger-than-unit-sized structures. Additionally, it is also possible that origin-containing linear fragments have been integrated into chromosomal DNA, which leads to amplification of certain genomic regions and results in the linear heterogeneous replication products of large size. To confirm the generation of the linear fragments by the displacement synthesis from the templates, generated from the onion skin replication intermediates, the Hirt procedureextracted episomal DNA was analyzed without any enzyme treatment. The arc of linear fragments can be detected already 24 h after the transfection, ranging from very small fragments of several hundred base pairs up to the 14-kb fragments (Fig.  6A ). In addition, the strong signal of the circular and presumably onion skin-type replication intermediates of heterogeneous size can be detected. Analysis of the episomal DNA extracted from the cells 72 h after transfection showed basically the same appearance of the fragments, though most of the linear fragments appeared as larger molecules (Fig. 6B and data not shown). It is clear that linear fragments can generate circular molecules which can replicate in an E1-and E2-dependent fashion as they contain the BPV1 replication origin. In order to identify the circular molecules within the replication products, we fractionated the Hirt extract prepared from the transfected cells 48 h after transfection, using conventional CsCl density gradient centrifugation in the presence of ethidium bromide (52) . Gradient was formed according to the usual procedure using vertical rotor VTI80 in a Beckman ultracentrifuge (L8-M) at 50,000 rpm at 20°C for 24 h. The fraction containing linear fragments and the open circular form of the plasmid and the fraction containing covalently closed circular plasmid were isolated, ethidium bromide was removed, and the fractions were analyzed on the 2D gels. As covalently closed and nicked circles have retarded migration in 2D gel electrophoresis in comparison with linear molecules with the same mass, their migration pattern on 2D gels gives distinct arcs (9) . Figure 7B (Fig. 7B) . In Fig. 7A , the fraction of covalently closed molecules, analyzed on the parallel 2D gel, did not show any linear fragments, but a variety of the covalently closed circular molecules of distinctive size could be found as the covalently closed circular form of the replication products. These data suggest that indeed some products can circularize and replicate efficiently in an E1-and E2-dependent fashion. The data provided above suggest the following mechanism for generating the amplification products at high E1 protein concentrations. Initially, several consecutive replication initiation events per one plasmid molecule occur at high E1 concentrations, generating the so-called onion skin-type replication intermediates. It is logical that the first leading replication fork on the covalently closed circular plasmid has a lower elongation rate due to the torsional stress. This stress can be elevated, for example, by the lack of topoisomerase I at the replication fork due to the squelching of topoisomerase I by the excess of E1 protein (such an interaction between E1 and topoisomerase I can occur, as has been shown for large T antigen and topoisomerase I [17] ). The replication forks initiated on the newly synthesized double-stranded DNA have no such constraints and can easily catch up with the leading fork. As a result, a very unstable structure is formed, especially when the next replication fork collides into the stalled previous fork. The newly replicated strands can easily break off the plasmid, resulting in replication products which can be subjects for many possible reactions, such as ligation, recombination, recircularization, and others, including being a template for further replication due to the presence of a replication origin. The inverted repeat intermediates run on a 2D gel behave in a manner similar to two-strand linear fragments. Breaks, ligations and recombinations could explain the formation of massive heterogeneous amplified products, generating the pool of linear fragments and circular molecules, detected as a family of heterogeneous replication products. Similar generations of the heterogeneous replication products have been described for the SV40 and for polyomavirus replication in the nonpermissive cells. Populations of SV40 defective genomes were shown to be supercoiled and relaxed circular DNAs of heterogenous sizes (9, 28) . In some cases the formation of extrachromosomal circles with inverted repeats was proposed to be one of the initial steps of gene amplification (45, 51, 66, 67) . Clearly, random overreplication of a portion of ori plasmid-the unstably amplified state-is not beneficial for the stability of the viral genome. Therefore, it would be vital for the virus to maintain the expression of viral replication protein E1 at a low, controlled level. HPV genomes usually persist as episomal molecules in HPV-associated preneoplastic lesions, whereas they are frequently integrated into the host cell genome with random distribution in HPV-related cancer cells (34) . Integration of viral genome is a rare and rate-limiting event in transformation and usually takes place in the case of high-risk papillomaviruses. Papillomavirus sequences detected from cancer cell lines or from specimens are often different from their expected full size (10, 25, 34) but, however, consistently contain transcriptionally active viral oncogenes E6 and E7. In light of the out-of-schedule firing of the origin at high E1 concentrations, we propose that onion skin structure intermediates and the conversion from onion skins to linear fragments carrying E6 and E7 coding sequences, together with the integration of such sequences into the host DNA, may generate one mechanism for stable oncogenic transformation of high-risk HPV-infected cells. To avoid such an unstably amplified state, papillomaviruses have to express E1 protein at a low, regulated level, at least in latently infected cells. However, high levels of protein may be instrumental for inducing a metastable genome to switch from the bidirectional replication to the rolling-circle replication mode. It has been suggested that a switch from a theta mode to a rolling-circle replication takes place during the vegetative phase of the high-risk papillomaviruses (13) .
Further studies are needed to determine whether there are numerous or unique recombinational joints or whether there is a sequence specificity for sites of recombination. More specifically, would the cellular environment influence the respective changes? In principle, the experimental system described here could be used as a functional assay for the events leading to the generation and processing of the replication intermediates and for the study of the processes of recombination-repair.
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